The advent of next-generation sequencing (NGS) technologies has transformed the way microsatellites are isolated for ecological and evolutionary investigations. Recent attempts to employ NGS for microsatellite discovery have used the 454, Illumina, and Ion Torrent platforms, but other methods including single-molecule real-time DNA sequencing (Pacific Biosciences or PacBio) remain viable alternatives. We outline a workflow from sequence quality control to microsatellite marker validation in three plant species using PacBio circular consensus sequencing (CCS). We then evaluate the performance of PacBio CCS in comparison with other NGS platforms for microsatellite isolation, through simulations that focus on variations in read length, read quantity and sequencing error rate. Although quality control of CCS reads reduced microsatellite yield by around 50%, hundreds of microsatellite loci that are expected to have improved conversion efficiency to functional markers were retrieved for each species. The simulations quantitatively validate the advantages of long reads and emphasize the detrimental effects of sequencing errors on NGS-enabled microsatellite development. In view of the continuing improvement in read length on NGS platforms, sequence quality and the corresponding strategies of quality control will become the primary factors to consider for effective microsatellite isolation. Among current options, PacBio CCS may be optimal for rapid, smallscale microsatellite development due to its flexibility in scaling sequencing effort, while platforms such as Illumina MiSeq will provide cost-efficient solutions for multispecies microsatellite projects.
Introduction
Microsatellites, also referred to as simple sequence repeats (SSRs) or short tandem repeats, are repetitive short DNA sequences that are scattered throughout the genomes of prokaryotes and eukaryotes (Morgante et al. 2002; Ellegren 2004) . These molecular markers have seen extensive use in ecology and evolutionary biology (Provan et al. 2001; Schlotterer 2004; Selkoe & Toonen 2006) . The dominance of microsatellites as the marker of choice for many applications in molecular ecology is, nevertheless, facing new challenges from large genomic data sets generated by next-generation sequencing (NGS) technologies (Ouborg et al. 2010 ). Yet, due to their hypervariability (Schlotterer 2000; Ellegren 2004 ), microsatellites remain invaluable for investigations of fine-scaled spatial demographic and genetic processes where individuals of interest are closely related, such as dispersal, parentage inference, pedigree reconstruction, linkage mapping and population structure (Selkoe & Toonen 2006; Guichoux et al. 2011; Haasl & Payseur 2011) .
Interestingly, the advent of NGS may bolster microsatellite use because acquiring adequate genomic sequences from which microsatellites are retrieved is no longer technically and monetarily difficult. Instead, the bottleneck in microsatellite development is now the laborious and costly process of marker validation. Many researchers have advocated NGS-based microsatellite detection in nonmodel organisms (Abdelkrim et al. 2009; Gardner et al. 2011; Jennings et al. 2011) , with the 454 and Illumina platforms dominating such efforts (reviewed in Zalapa et al. 2012) . More recently, microsatellite detection has employed other NGS platforms, including Ion Torrent PGM (Huey et al. 2013; Elliott et al. in press), Illumina MiSeq (Nowak et al. 2014; McCracken et al. in press) and Pacific Biosciences (PacBio) RS (e.g. this study; Grohme et al. 2013) . All these platforms can deliver hundreds to thousands of microsatellite loci per species, many more than identified using traditional methods (Zane et al. 2002) , and with substantial reductions in time and capital investment.
The popularity of the 454 platform for microsatellite isolation owes primarily to its long read length sequencing (Zalapa et al. 2012) . Long read length is advantageous in that it could benefit primer design by providing sufficient flanking regions (Guichoux et al. 2011; Zalapa et al. 2012) . In addition, longer reads are suggested to allow better detection of genomic redundant sequences that contain low-complexity regions unfavourable for microsatellite amplification and interpretation (Elliott et al. in press) . However, the 454 platform is economically inefficient (i.e. high cost per megabases; Glenn 2013), and involves laborious titration steps required in emulsion PCR to precisely link one DNA template to a single bead (Margulies et al. 2005) . These aspects of the 454 platform eventually translate into a high total cost for microsatellite isolation. In terms of cost reduction, the most dramatic drop has been seen using the Illumina platform due to its high sequence throughput (Jennings et al. 2011; Castoe et al. 2012) . Although the Illumina platform has much higher sequencing capacity relative to other platforms (Glenn 2013) , it produces short reads (single-end up to 150 bp, paired-end up to 300 bp in GAIIx and HiSeq), except for the Illumina MiSeq sequencer, which can generate paired-end reads up to 600 bp (Illumina Incorporation 2013). The Ion Torrent platform represents an intermediate solution regarding the tradeoff between (single-end) read length and read quantity (Glenn 2013) , as well as the sequencing cost for microsatellite development (Jennings et al. 2011; Castoe et al. 2012; Elliott et al. in press) .
Compared with the above NGS platforms, single-molecule real-time sequencing (SMRT; Eid et al. 2009 ) implemented on the PacBio RS system has the longest sequencing capability (Glenn 2013; Pacific Biosciences 2013) , which offers potential advantages for microsatellite detection. The PacBio platform differs fundamentally from other platforms in that sequencing is performed on individual molecules without involving DNA amplification (e.g. emulsion PCR on 454 and Ion Torrent; Bridge PCR on Illumina; Glenn 2011), thereby resulting in a more uniform representation of genomic regions (Pacific Biosciences 2013). Although the long read length sequencing of PacBio comes with a high single-pass error rate (~11%; Pacific Biosciences 2013), improved base-calling accuracy is achieved by circular consensus sequencing (CCS), that is, reading through the same circular template DNA fragment multiple times (Travers et al. 2010 ). In addition, the insensitivity to various types of sequence context biases, such as homopolymers, GC-biased DNA regions and highly repetitive sequences (Eid et al. 2009; Quail et al. 2012; Zhang et al. 2012) , makes PacBio a compelling alternative sequencing platform in this context. Success in microsatellite marker development using CCS has recently been reported on this platform (Grohme et al. 2013; Wainwright et al. 2013) . However, an in-depth evaluation is not yet available regarding sequence characteristics of CCS and corresponding strategies of quality control for microsatellite development; therefore, providing this evaluation is the first objective of this study.
Independently from specific platforms and organisms, the development of microsatellite markers is in general influenced by read length, read quantity and read quality. Although the commonly agreed-upon benefits of long reads are conceptually straightforward, robust quantitative evidence for this consensus has been lacking. In addition, sequencing errors can undermine the efficiency of converting in silico loci into working markers, because unambiguous and unique sequences are crucial to the construction of amplifiable primers. However, most NGS-based microsatellite development work has been carried out in the absence of the inspection and control of sequence quality (for a counterexample, see Fernandez-Silva et al. 2013) . It remains unclear the extent to which read quality inflicts a measurable effect on microsatellite marker development. Therefore, the second objective of this work is to provide a quantitative investigation of microsatellite development effectiveness in relation to read length, read quality and sequence quality control.
For the purpose of assessing the applicability of PacBio CCS in microsatellite isolation, we outline the process of (i) performing quality control (QC) on CCS reads, (ii) identifying microsatellite loci from post-QC CCS reads and (iii) validating microsatellite markers for three plant species for which no prior genomic information was available. For the second objective of quantifying how sequence characteristics limit microsatellite development, (iv) we conduct read length simulations to test whether increases in sequence length are associated with improvements in primer design success, microsatellite throughput and genomic redundancy detection; (v) we use sequencing error simulations to examine whether and how read quality affects microsatellite amplification; and (vi) we perform error trimming simulations to validate the need for sequence quality control in microsatellite development. Then, we use the findings from these simulations to guide the performance evaluation of PacBio CCS in comparison with other NGS platforms and highlight some key considerations for NGS use in microsatellite isolation. templates were annealed with sequencing primers and bound to biotinylated phi29 DNA polymerase mounted at the base of individual reaction chambers in SMRT cells. Nucleotide incorporation in a SMRT cell was monitored using 2 9 45-min collection mode. Four SMRT cells were run for each species on a PacBio RS sequencer using C2 chemistry. Fragments inserted between adapters of ≥3 9 sequencing depths (including the sense and antisense strand) were retained for generating highly accurate adapter-free consensus sequences from CCS (referred to as CCS reads).
Materials and methods

DNA sources and PacBio library preparation
Quality control of CCS reads
Species-specific ccs.fastq files from four SMRT cells were combined to fetch CCS reads and the corresponding Phred +33 quality scores. The mean quality score of a CCS read was typically higher than 30 (median = 64, A. costaricensis; 62, C. insignis; 60, T. cumingiana; solid lines, Fig. S1 ), suggesting that trimming sequences based on average read quality would be ineffective (also see simulation results below). Thus, we removed terminal low-quality portions of each CCS read using a slidingwindow approach implemented in MOTHUR v1.29.2 (Schloss et al. 2009 ). The window size was set to 10 bases, moving one base per step. The minimum window-wide mean quality score was set to 30, equivalent to an errortolerance rate of 0.1%. If a window below this threshold was encountered, the CCS read was truncated from the last base in the window until the end of the read. We also filtered sequences according to homopolymer length. Some CCS reads contained homopolymers of 30-40 bases long, but more than 75% of CCS reads had homopolymers of ≤8 bases (Fig. S2) . To retain adequate sequence numbers and eliminate long homopolymers, we omitted from further analyses CCS reads bearing a homopolymer longer than eight bases. Comparisons of pre-QC and post-QC base quality were visualized using the QRQC package (Buffalo 2012) in R v2.15.0 (R Development Core Team 2012).
Microsatellite identification and primer design
Circular consensus sequencing reads that passed the preceding quality control (referred to as trimmed CCS reads) were used to retrieve microsatellite loci. Perl pipelines in QDD v2.1 (Megl ecz et al. 2010) were employed to automate the process of detecting microsatellites and designing primers. An initial purging step removed reads either too short (<80 bp) for successful primer design or holding microsatellite motifs of less than five repeats. The resulting microsatellite-containing sequences were screened for genomic redundancy (i.e. low-complexity regions and interspersed repeats) and sequencing redundancy (i.e. multiple copies of the same sequence) based on sequence similarities using BLAST v2.2.25 (Altschul et al. 1990) all-against-all pairwise alignments, in which microsatellites were soft masked. Once significant BLAST hits were discerned, the sequences with flanking region similarity less than 95%, probably resulting from genomic redundancy, were eliminated; those of ≥95% flanking region similarity were realigned by CLUSTALW2 (Larkin et al. 2007 ) to generate consensus sequences. The resulting nonredundant microsatellitecontaining reads (i.e. singletons and unique consensus sequences) were used to locate appropriate priming regions using Primer3 (Rozen & Skaletsky 2000) . Stringent primer-designing criteria (A + B design; definition sensu QDD program) were utilized as follows: (i) the absence of tandem repeats in priming regions and no homopolymers more than three bases; (ii) no multiple microsatellites in the target region; (iii) primer size between 18 and 22 bases; (iv) PCR product of 100-500 bp; (v) optimal GC content of 50% (range 40-60%); (vi) 57-63°C melting temperature with a maximum intrapair difference of 5°C; (vii) maximum self-complementarity score of 3; and (viii) presence of one GC clamp.
Microsatellite marker validation
We prioritized the test array of microsatellite markers as follows: for tri-to hexanucleotide repeat motifs, the number of repeat units is >7; for a dinucleotide repeat motif, there are at least seven or eight repeats depending on species; no compound repeat motif is allowed. In total, we synthesized 59 primer pairs for A. costaricensis, 69 for C. insignis and 62 for T. cumingiana. For each species, we first screened the markers in three individuals. If more than one allele was present at the focal locus, we then assessed marker polymorphism in nine more individuals collected from the same population in the 50-ha FDP. We defined successful amplification as consistently resulting in easily interpretable allelic patterns, and polymorphism as possessing at least two alleles. We used a fluorescently labelled M13 primer coupled with M13-tagged microsatellite primers in individual PCRs as detailed previously (Wei et al. 2013) . PCRs were performed using a touchdown protocol of an initial denaturation at 94°C for 4 min; 28 cycles of 94°C for 30 s, 59°C (a decrement of 0.2°C per cycle) for 40 s and 72°C for 60 s; 10 cycles of 94°C for 30 s, 53°C for 40 s and 72°C for 60 s; and a final extension at 72°C for 10 min. Amplicons were sized in ABI 3730 DNA Analyzer (Applied Biosystems, Carlsbad, CA, USA), and scored using GENEMARKER version 1.7 (Softgenetics, State College, PA, USA).
Read length simulations
In the simulations of read length effect on microsatellite detection, reads of uniform length at each of 100, 150, 200, 250, 300, 350, 400 , 500, 600, 700, 800, 1000 and 1200 bp were drawn at random from Populus trichocarpa chromosomes 1-19 (v3.0, DOE-JGI, http://www.phytozome.net/poplar; Tuskan et al. 2006) using 0.19 coverage (~40 Mb). This equal genome coverage ensures that the ability to locate microsatellites, eliminate genomic redundancy and design suitable primers for individual loci depends only on how long the reads are, rather than how much sequencing effort was exerted in individual simulations. We conducted platform-independent read length simulations by allowing no sequencing errors in reads using GRINDER v0.5.3 (Angly et al. 2012) . In addition, we incorporated sequencing errors into read length simulations using PBSIM v1.0.3 (Ono et al. 2013 ) with built-in PacBio CCS error profiles (substitutions/insertions/deletions ratio of 6:21:73; read accuracy of 98 AE 2%). Both error-free and error-embedded simulated reads were used directly (i.e. no quality control) to detect microsatellites and design primers, following the above-described procedure except using a relaxed primer GC content of 30-70% (also for the following simulations).
In the situation of equal genome coverage, there exists a balance between read quantity and read length to maintain the total sequence bases, that is, libraries of longer reads contain fewer reads (Tables S1 and S2 ). To relax the equal genome coverage assumption, we further used equal read quantity in each simulation. To do so, microsatellite parameters (e.g. microsatellite-containing reads, microsatellite loci; Tables S1 and S2) were converted to relative estimates by dividing by the corresponding total read numbers in individual simulations and then we multiplied these relative estimates by the same read quantity of 160 000.
Sequencing error simulations
Sequencing errors of substitutions and indels (insertions and deletions) were introduced to reads of uniformly 350 bp simulated from the reference genome of P. trichocarpa at 0.19 coverage. Taking into account potential effects of sequencing error types on simulated results, we considered both substitution-biased (substitutions/ indels ratio of 90:10) and indel-biased (substitutions/ indels ratio of 10:90) sequencing errors. In terms of sequencing error rate distribution, we assumed that sequencing errors occurred either uniformly or linearly from the 5 0 end to 3 0 end of each read. With uniformly distributed sequencing errors, reads were simulated with an error rate of 0, 0.01%, 0.1%, 0.5%, 1%, 2%, 3% and 5%. With linearly distributed errors, the error rate doubled from the 5 0 end to 3 0 end: 0, 0.01-0.02%, 0.1-0.2%, 0.2-0.4%, 0.5-1%, 1-2% and 2-4%. To check the extent to which sequencing errors impair the amplification of microsatellite markers, designed primer pairs (A + B design) from the simulated error-containing reads were aligned back to the reference genome of P. trichocarpa using iPCRess implemented in EXONERATE v2.2 (Slater & Birney 2005) . Successful in silico locus amplification was defined conservatively as having unique and perfect (i.e. zero mismatch) alignment between the reference genome and the forward and reverse primer.
Error trimming simulations
To investigate whether sequence quality control is essential for microsatellite development, we compared the rate of in silico locus amplification between simulated sequence libraries that were treated with different quality control criteria. We simulated reads of uniform length of 350 bp from the P. trichocarpa genome (0.19 coverage) using PBSIM, following the observed read length distribution and quality profiles of T. cumingiana CCS reads in this study. Then, two types of quality control were used to filter the simulated sequences. The first QC method was based on mean read quality, requiring a minimum average read quality score of 30, as well as no reads containing homopolymers longer than eight bases. The second QC method was based on the sliding-window approach as described above, including the control of homopolymers. Microsatellite detection and primer design were conducted on both post-QC reads and raw reads. Designed microsatellite primers (A + B type) were tested in silico for locus amplification.
Results
Sequencing capacity of PacBio 500-bp CCS
Pacific Biosciences CCS of 500-bp genomic DNA inserts returned on average 161 000 CCS reads using four SMRT cells (Table 1) . Among species, the number of CCS reads varied (one-way ANOVA, F 2,9 = 7.273, P < 0.05; Table 1 ); A. costaricensis yielded fewer CCS reads (n = 105 881; Table 1 ) relative to C. insignis (198 989; Holm's adjusted P < 0.05 for pairwise t-tests) and T. cumingiana (178 122; Holm's adjusted P < 0.05), whereas the difference between the latter two was negligible (Holm's adjusted P = 0.436). At a per-SMRT-cell scale, the number of CCS reads ranged from 19 801 to 57 046 (mean = 40 249; Fig.  S3 ), species identity notwithstanding. The frequency distribution of CCS read lengths revealed a wide size range (11-1391 bp, A. costaricensis; 9-1751 bp, C. insignis; 12-1917 bp, T. cumingiana; Fig. 1a ), but on average, only 0.01% (0.03%, A. costaricensis; 0.003%, C. insignis; 0.001%, T. cumingiana) of CCS reads were shorter than 80 bp, the minimum read length required in the QDD program for microsatellite detection.
Quality control of CCS reads
Mean sequence quality of CCS reads was greatly augmented after QC (A. costaricensis, one-sided Wilcoxon rank sum test, W = 4.75 9 10 9 , Holm's adjusted P < 0.001; C. insignis, W = 1.62 9 10 10 , adjusted P < 0.001; T. cumingiana, W = 1.62 9 10 10 , adjusted
The minimum mean quality score of post-QC CCS reads (20, A. costaricensis; 25, C. insignis; 23, T. cumingiana; dotted lines, Fig. S1 ) was nearly double that of raw CCS reads (14, 14, and 13, respectively; solid lines, Fig. S1 ). CCS read quality was negatively correlated on a log-log scale with read length before QC (Fig. S4 ), but was positively correlated after QC (Fig. S5 ).
In addition, QC improved base accuracy, as the percentiles and the mean of base quality scores were increased (Fig. 2) . Although base accuracy declined along the length of a CCS read both prior to QC (A. costaricensis, F 1,1389 = 1.40 9 10 4 , P < 0.001, adjusted R 2 = 0.910; C. insignis, F 1,1749 = 2.24 9 10 3 , P < 0.001, adjusted R 2 = 0.561; T. cumingiana, F 1,1915 = 3.11 9 10 4 , P < 0.001, adjusted R 2 = 0.942) and after QC (A. costaricensis, F 1,879 = 383.6, P < 0.001, adjusted R 2 = 0.303;
C. insignis, F 1,1042 = 491.5, P < 0.001, adjusted R 2 = 0.320;
T. cumingiana, F 1,979 = 773.6, P < 0.001, adjusted R 2 = 0.441), the fitted slope of post-QC base quality with read base position was significantly smaller than the A positive correlation was found between homopolymer length and square root-transformed raw CCS read length (Fig. S6) . But homopolymer lengths were appreciably reduced after QC (A. costaricensis, Wilcoxon rank sum test, W = 6.50 9 10 9 , Holm's adjusted P < 0.001; C. insignis, W = 2.28 9 10 10 , adjusted P < 0.001; T. cumingiana, W = 1.86 9 10 10 , adjusted P < 0.001). Furthermore, we found no effect of QC on position GC content of CCS reads; pre-QC sequence position GC content averaged between 36.6% and 39.8%, and post-QC between 38.2% and 38.7% (Fig. S7 ).
Quality control filtered out approximately 10% of CCS reads (Table 1) . Remaining CCS reads were significantly shortened (A. costaricensis, Wilcoxon rank sum test, W = 7.28 9 10 9 , Holm's adjusted P < 0.001; C. insignis, W = 2.60 9 10 10 , adjusted P < 0.001; T. cumingiana, W = 2.10 9 10 10 , adjusted P < 0.001; Table 1) , with a mean read length reduction by 32-39%. Post-QC CCS reads were bimodally distributed (Fig. 1b) , in which on average, 76% were longer than 80 bp.
Microsatellite detection
Without quality control, approximately 5400 to 6200 nonredundant microsatellite-containing sequences were retrieved in individual species ( decreased to around 3000 (Table 1) , accounting for 1.7-3.3% of raw CCS reads. Selected from the nonredundant microsatellite-containing trimmed CCS reads, microsatellite loci (A + B design) varied from 390 in A. costaricensis to 512 in C. insignis and 795 in T. cumingiana (Table 1) . These loci accounted for 12.4-26.5% of the nonredundant microsatellite-containing trimmed CCS reads, and 0.3-0.5% of raw CCS reads. With respect to repeat motifs, dinucleotide motifs were most abundant (69-77% of all repeat motifs), followed by trinucleotide motifs (21-26%; Fig. 3 ). Other repeat motifs collectively constituted <5%.
We also checked the extent of microsatellite throughput reduction resulting from QC, by comparing the number of microsatellite loci retrieved from trimmed CCS reads with those retrieved from raw CCS reads. The ratio of post-QC microsatellite loci to pre-QC microsatellite loci (pre-QC n = 663, A. costaricensis; 1024, C. insignis; 1534, T. cumingiana) averaged 54% (range 52-59%).
Microsatellite marker validation
For A. costaricensis, 59 microsatellite markers were inspected for locus amplification and polymorphism, of which 62.7% (n = 37) were amplifiable and 42.4% (n = 25) were polymorphic. Likewise, the amplification success in C. insignis reached 73.9% (51 of 69); polymorphic loci accounted for 39.1% (27 of 69). In T. cumingiana, the rate of locus amplification and polymorphism was 62.9% (39 of 62) and 45.2% (28 of 62), respectively. On average, irrespective of species identity, 66.8% of the screened microsatellite markers were successfully amplified, whereas 42.1% exhibited polymorphism. Further details about the informativeness of species-specific microsatellite markers will be provided elsewhere.
Read length simulations
Read length simulations examined the relationship between read length and microsatellite isolation effectiveness, regarding (1) the likelihood of finding shotgun reads that carry microsatellites, (2) the ability to detect genomic redundancy from microsatellite-containing reads, (3) the success of designing primers and (4) the amount of putative microsatellite loci. First, the percentage of microsatellite-containing reads, relative to total simulated reads, increased in proportion to read length (Pearson correlation coefficient r = 0.998 for both error-free and error-bearing reads; Tables S1 and S2). For instance, a twofold increase in read length, such as from 200 bp to 400 bp, resulted in a nearly twofold increase in the proportion of reads containing microsatellites (from 5.1% to 10.1%, error-free reads; from 4.8% to 9.2%, errorbearing reads). Second, with respect to genomic redundancy detection under equal genome coverage, the proportion of grouped sequences that have low levels of similarity (<95%) and thus are not regarded as from the same locus (Megl ecz et al. 2010) , increased by two orders of magnitude with read length from 0.14% at 100 bp to 24.2% at 1200 bp, relative to all microsatellite-containing reads; multihit sequences that contain interspersed repetitive regions increased from 0% at 100 bp to 0.7% at 300 bp, and to 15.6% at 1200 bp, in the situation of no sequencing errors (Fig. 4c) . A similar magnitude of increase in detectable genomic redundancy was observed when sequencing errors were considered (from 0.1% to 25.1%, grouped sequences; from 0% to 12.9%, multihit sequences; Fig. 4c) . Third, the rate of primer design (A + B type) for nonredundant microsatellitecontaining reads increased 50-fold from 100 bp (0.3%, error-free reads; 0.4%, error-bearing reads) to 400 bp (18.4%, error-free reads; 17.2%, error-bearing reads), and
Di-
Tri-Tetra-Penta-Hexa- 80-fold to 1200 bp (27.4% and 26.4% in error-free and error-bearing reads, respectively; Fig. 4d ). Lastly, with respect to microsatellite throughput, the number of microsatellite loci (≥5 repeats and ≥10 repeats; A + B design) responded positively to read length until approximately 400 bp, after which relationships became nearly asymptotic, for both error-free and error-bearing reads under equal genome coverage (Fig. 4a) . But with equal read quantity rather than equal genome coverage, the measures of microsatellite yield increased monotonically with read length (e.g. in error-free reads, loci of ≥5 repeats and A + B design, linear regression slope b = 5.76, F 1,11 = 583.7, P < 0.001, adjusted R 2 = 0.980; loci of ≥10 repeats and A + B design, b = 1.18, F 1,11 = 364.1, P < 0.001, adjusted R 2 = 0.968; Fig. 4b ).
Sequencing error simulations
Reductions in microsatellite amplification success were associated with increased sequencing error rate, irrespective of sequencing error type and error rate distribution (Fig. 5) . When error rate was 0 (i.e. no sequencing errors), 93.6% of microsatellite loci (primer design A + B) recovered from simulated shotgun sequences amplified in silico. Compared against this baseline, reductions in locus amplification became detectable when error rate increased to 0.1% given uniformly distributed base accuracy (indel bias, amplification rate = 89.4%, one-sided proportion test, v 2 = 13.80, 
For reads of uniform 1% per-base error rate, approximately 60% of microsatellite loci were amplifiable (61.3%, indel bias; 58.5%, substitution bias) and 40% (41.9%, indel bias; 37.9%, substitution bias) for reads of 2% per-base error rate (Fig. 5a ). With a linearly distributed sequencing error rate, approximately 68% of microsatellite loci amplified in silico at 0.5-1% error rate and 49% at 1-2% error rate (Fig. 5b) .
Error trimming simulations
The in silico experiment of the effect of error trimming on microsatellite amplification was conducted on simulated reads that closely mimicked the characteristics of observed CCS reads (of T. cumingiana) in this study. Quality control based on the sliding-window method reduced the test array of microsatellite loci (primer design A + B) by 57% from 1259 to 539, whereas QC based on mean read quality reduced microsatellite loci by 23% to 970. The amplification rate of microsatellite loci with sliding-window-based QC was 60.7% (Fig. 6) , significantly higher than that without QC (53.9%; one-sided proportion test, v 2 = 6.838, d.f. = 1, Holm's adjusted P < 0.05) and that with mean read-qualitybased QC (55.3%; v 2 = 3.924, d.f. = 1, adjusted P < 0.05).
When comparing the locus amplification rate of simulated reads (60.7%) with that of observed reads in T. cumingiana (62.9%) based on the same method of QC, no significant difference was detected (v 2 = 0.042, d.f. = 1, P = 0.419).
Discussion
By elaborating the workflow from sequence quality control to marker validation, we demonstrate the effectiveness of shotgun genome CCS for isolating microsatellites in nonmodel plant species. On average, approximately 160 000 CCS reads were acquired using four SMRT cells for each species. Quality control reduced microsatellite throughput by ca. 50%, but several hundred microsatellite loci were still obtained per species. These loci are also expected to have higher amplification success than the total pool of microsatellite loci before quality control, as indicated by the error trimming simulations. The initial marker screening revealed that two-thirds of the loci consistently resulted in easily interpretable amplicons, and two-fifths of the loci were polymorphic. Here, we discuss the performance of PacBio CCS in comparison with other NGS platforms for microsatellite isolation, in the context of read length, read quality and sequence quality control. Our read length simulations substantiate the postulated importance of read length in microsatellite development. Long reads increase the likelihood that a sequence contains microsatellites (Tables S1 and S2) by searching through more bases in a genomic location. They also increase the probability that a sequence contains intact microsatellites with sufficient flanking regions (Fig. 4d) , because a microsatellite is less likely to be located in proximity to either of the two ends in a The effect of quality control on microsatellite locus amplification. In silico microsatellite amplification rate is significantly higher with quality control based on a sliding-window approach (QC_sliding window) relative to that without QC, as well as that with QC based on mean read quality score (QC_mean read quality). longer read (Abdelkrim et al. 2009) . A primer-design success rate of up to 33% was empirically predicted for reads averaging 200 bp (reviewed in Guichoux et al. 2011) , which coincides with that predicted by simulations here, that is, ca. 25% primer design rate for nonredundant microsatellite-containing reads under relaxed criteria (primer design A-G; data not shown). Furthermore, our read length simulations provide platformindependent evidence of improved genomic redundancy detection with increases in read length under equal genome coverage (Fig. 4c) . This finding compliments previous inferences by Elliott et al. (in press ) based on the comparison between Ion Torrent-and 454-specific read lengths.
Notwithstanding the aforementioned benefits of longer reads, increases in read length do not result in a continuing increase in microsatellite yield, when total sequencing effort is held constant. The relationship between the number of microsatellite loci and read length predicts a threshold read length of approximately 400 bp ( Fig. 4a ; based on visual inspection). Above the threshold, read length is not a limiting factor for microsatellite throughput: any potential gains in the number of microsatellite loci, due to increased probability of reads containing microsatellites and increased primer design success, are offset by the losses resulting from decreased read numbers and an increased portion of unused redundant reads (e.g. grouped and multihit sequences). Nonetheless, microsatellite loci recovered from longer reads (e.g. 1000 bp) may have a higher chance of successful amplification than loci from reads of 400 bp, because of more effective genomic redundancy removal. An additional comparison of in silico microsatellite amplification indeed revealed a small yet significant increase by ca. 3% when read length was increased from 400 to 1000 bp (data not shown).
Microsatellite yield behaves as a threshold response to read length in the context of equal sequencing depth. However, NGS platforms differ in sequencing throughput; therefore, the estimation of platform-dependent microsatellite yield needs to consider both read length and read numbers without the constraint of equal genome coverage or equal read quantity. Despite amassed NGS-based microsatellite data sets, cross-platform comparisons of the number of microsatellite loci, based on these empirical investigations, are complicated by heterogeneities in genomic microsatellite frequency and genome size among taxa (Toth et al. 2000; Morgante et al. 2002; Ellegren 2004) , and in microsatellite searching and primer design criteria. Therefore, we base this assessment on our simulations, taking into account platformdependent read numbers and mean read length (Table 2) . Specifically, we multiplied platform-specific read numbers by the estimated proportion of reads containing microsatellite loci (primer design A + B; Table  S1 ) for the corresponding mean read length of individual NGS platforms. Despite the use of uniform read length rather than platform-dependent read length distributions, our simulations provide good predictions of microsatellite throughput, as evidenced by the concordance between simulated and observed number of microsatellite loci on PacBio and Illumina MiSeq ( Table 2 ). The discrepancy between simulations and empirical findings on Ion Torrent and 454 may result primarily from low microsatellite density in targeted organism genomes (Elliott et al. in press) , as noted by the authors. In general, PacBio and Ion Torrent produce a comparable number of microsatellite loci relative to 454 but with a ca. 50% reduction Table 2 Cross-platform comparisons of next-generation sequencing (NGS) use in microsatellite development. Platform-specific information of read length, read quantity and observed microsatellite loci are from this study on PacBio, Elliott et al. (in press) (Table 2) . Nevertheless, all the NGS platforms are able to deliver thousands of microsatellite loci, far more than a project could practically screen and genotype. As in silico locus acquisition is no longer the bottleneck for microsatellite development, the efficiency of converting these loci into functional makers is of equivalent, if not greater, importance relative to the initial sequencing step. This consideration is particularly salient in light of the distinct effects that sequencing errors have on microsatellite yield and microsatellite amplification. Microsatellite yield is little affected by the presence of sequencing errors, as error-bearing (read accuracy of 98 AE 2%) and error-free reads of the same read length were able to retrieve a similar number of microsatellite loci (Fig. 4a) . However, the amplification rate of these microsatellite loci plummets when sequencing errors are present (Fig. 5) . In practice, all NGS platforms produce sequencing errors but to varying degrees, such as 1.07% reported for 454 GS-FLX Titanium (Gilles et al. 2011 ), 1.71% for Ion Torrent PGM and 0.80% for Illumina MiSeq (Quail et al. 2012) . Given these error rates, approximately 50-68% of microsatellite loci are predicted to be able to amplify unique and interpretable PCR products, according to our simulations; this estimate is consistent with empirical findings (Castoe et al. 2012; Fernandez-Silva et al. 2013; Wei et al. 2013) .
One important implication of the adverse effects of sequencing errors on microsatellite amplification is that quality control is essential for the consideration of costand labour-effective marker validation. In this study, significant improvement in microsatellite amplification was achieved by quality control using a sliding-window approach (Fig. 6 ). Although this finding is based on PacBio CCS-dependent error trimming simulations, it can also apply to sequences from other NGS platforms, as base-calling accuracy in general declines with base position (Gilles et al. 2011; Loman et al. 2012) . One question regarding quality control concerns the possible negative effect of shortened read lengths after error trimming. By comparing the in silico amplification rate of microsatellite loci retrieved from error-bearing reads of 1000 bp with that of loci from error-free reads of 200 bp (Fig. 4a) , we found the amplification rate was twofold higher when errors were absent, despite a fivefold decrease in read length (data not shown). This finding suggests that the importance of read quality outweighs that of read length in terms of obtaining successfully amplifiable microsatellite loci. The methods of quality control may vary between platforms that emphasize long read length (e.g. 454 and PacBio) and those that emphasize high throughput (e.g. Illumina MiSeq and Ion Torrent). The sliding-window-based quality control described in this study can be used for 454 and PacBio, because this approach shortens read lengths but is unlikely to result in a substantial reduction in sequence quantity. Meanwhile, more stringent quality control, such as removing reads of per-base quality score below 30, can be afforded for Illumina MiSeq or Ion Torrent because of high sequence throughput.
Conclusion
This study provides a quantitative demonstration of microsatellite development in relation to sequence attributes, based on which the performance of PacBio CCS is evaluated in comparison with other NGS platforms. PacBio CCS is suitable for fast, small-scale microsatellite development due to its flexibility in scaling sequencing effort, in terms of the number of SMRT cells utilized per project. A single SMRT cell can potentially deliver enough functional microsatellite markers (Grohme et al. 2013; Wainwright et al. 2013) , at a sequencing cost of $200 (not including library preparation). On the other hand, Illumina MiSeq paired-end sequencing can be particularly cost-efficient when greater sequencing effort is required, such as for multispecies microsatellite projects, as well as for organisms that have low genomic microsatellite density. In light of the continuing advances in sequence length on all the platforms, read length may not be the primary concern for NGS use in microsatellite isolation. Instead, sequencing accuracy and the corresponding strategies of quality control are essential for time-and cost-effective microsatellite isolation.
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